A large body of evidence has established murine double minute 2 (MDM2) as a crucial negative regulator of p53 and the major suppressor of p53 function in tumors with wild-type (wt)-p53. Therefore, by inhibiting MDM2 one may reactivate p53 in tumor cells, leading to their demise. Previous studies revealed that ribosomal protein L23 (RPL23) inhibited MDM2-mediated p53 ubiquitination through direct binding to MDM2, and subsequently induced the p53 level as well as its activity, suggesting that it may be a candidate for use in tumor gene therapy. In the present study, we developed a recombinant adenoviral vector expressing the RPL23 gene under control of the carcinoembryonic antigen (CEA) promoter (rAd/CEA-RPL23), and using an in vitro system with cultured human colorectal carcinoma LoVo cells harboring the wt-p53 gene, we proved that rAd/CEA-RPL23 infection could induce the accumulation of endogenous wt-p53 protein and thus lead to the inhibition of tumor cell growth via inducing cell cycle arrest and apoptosis. In vivo treatment of rAd/CEA-RPL23 also exhibited a significant inhibitory effect on tumor growth in nude mice bearing LoVo xenografts. Furthermore, we showed that rAd/CEA-RPL23 synergized with classic chemotherapeutic agent 5-fluorouracil (5-FU) and enhanced its activity against LoVo cells in vivo and in vitro. Taken together, the data presented here suggest that CEA promoter-targeted exogenous RPL23 expression could be of therapeutic value against human colorectal carcinoma that retains wt-p53.
Introduction
The tumor-suppressor p53 is a potent transcription factor that controls a major pathway protecting cells from malignant transformation (1) . As such, it is the most frequently inactivated protein in human tumors (2) . The murine double minute 2 (MDM2) protein is one of the most well studied negative regulators of the p53 protein (3) . It is currently known that MDM2 is overexpressed in a variety of human tumors, which results in the inactivation of wild-type (wt)-p53 protein, with an effect similar to that of mutations in the p53 gene (4, 5) . Indeed, tumors with MDM2 gene amplification almost exclusively express wt-p53 (6) . Therefore, reactivating p53 activity by antagonizing MDM2 offers a new therapeutic strategy in tumors that retain wt-p53 (7, 8) .
Ribosomal protein L23 (RPL23) was discovered to be capable of inhibiting MDM2-mediated p53 ubiquitination through direct binding to MDM2, and subsequently induce the p53 level as well as its activity (9, 10) . In addition, ectopically expressed RPL23 has been proved to be capable of interacting with MDM2 in both the nucleus and cytoplasm, which indicates that MDM2 is retained in the nucleus and cytoplasm as a complex, and this complex formation represents one more mechanism by which RPL23 indirectly inhibits MDM2-p53 binding (10) . Therefore, there is a rationale for the use of RPL23 as a new target of gene therapy for tumors with wt-p53.
Many studies have shown that human colorectal carcinoma LoVo cells have the wt-p53 gene and the expressed p53 protein is functional and capable of inducing expression of the target genes (11) (12) (13) . Therefore, LoVo cells are a suitable cell model with which to study the therapeutic utility of reactivating p53 in tumors with wt-p53. In the present study, we developed a recombinant adenoviral vector expressing the RPL23 gene under the control of the carcinoembryonic antigen (CEA) promoter (rAd/CEA-RPL23), and by using a LoVo cell model, we tested the therapeutic efficacy of RPL23 gene transfer on human colorectal carcinoma containing wt-p53 in vitro and in vivo. Construction of the recombinant adenovirus. Human CEA promoter fragment was obtained by PCR from human genomic DNA (primers: forward, 5'-GAAGATCTAGAGCATGGGGA GACCCG-3' and reverse, 5'-ATTTGCGGCCGCTCTGTGG AGAAGAGCTTG-3'), and cloned into the shuttle plasmid pAdTrack resulting in pAdTrack-CEAp. The full-length of human RPL23 cDNA with a 6-his tag was cut from pcDNA3.1-RPL23 constructed by our laboratory, and subcloned into pAdTrack-CEAp resulting in pAdtrack-CEAp-RPL23 which was linearized by PmeI and transformed into AdEasier-1 cells. Transformants were selected on LB agar plates containing 25 µg/ml kanamycin, and positive pAdEasy-CEAp-RPL23 was identified by electrophoretic analysis of the PCR products (primers: forward, 5'-CTGCTGGGTTTCTCTGTCACA AAG-3' and reverse, 5'-ATGGTGATGGTGATGATGTGC AAT-3'), then digested with PacI, and transfected into 293 cells to produce the recombinant adenovirus Ad/CEA-RPL23 (rAd/CEA-RPL23). RT-PCR analysis was performed to determine the specific expression of RPL23 gene transcription driven by the CEA promoter in human colorectal cancer LoVo and HT29 cells (primers: forward, 5'-GCCGCGATATCATGG GCATGT-3' and reverse, 5'-GGTGATGGTGATGATGTGC AAT-3'). rAd/CEA-lacZ was constructed by a similar method. The adenoviral transduction efficiency of the three tested cells was evaluated by flow cytometry (Epics XL; Coulter, Miami, FL, USA) using adenovirus-expressing green fluorescent protein (GFP) (rAd5-GFP) alone (14) .
Growth inhibitory effect of adenovirus
Assay of cell growth. Cells were plated in triplicate wells into a 96-well plate at a density of 5x10 3 cells/100 µl, and cultured routinely for 24 h. The supernatant was discarded, and infected with recombinant adenoviruses at various multiplicity of infection (MOI) for 24 h, and remained in culture with RPMI-1640 supplemented with 10% FCS. Four days after adenovirus infection, cell growth was assessed by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay (15) .
Cell cycle analysis. LoVo cells cultured in 6-well plates (Corning) were infected with the recombinant adenoviruses at various MOI for 48 h, and then were harvested by centrifugation. After washing with ice-cold PBS, the cells were suspended in ~0.5 ml of 70% alcohol and kept at 4˚C for 30 min. The suspension was filtered through 50-µm nylon mesh, and the DNA content of stained nuclei was analyzed by a flow cytometer (Epics XL; Coulter). The cell cycle was analyzed using Multicycle-DNA Cell Cycle Analyzed software.
Detection of apoptosis. Detection of apoptotic cells by flow cytometry was performed as described previously (16) . LoVo cells cultured in 6-well plates (Corning) were infected with recombinant adenoviruses at various MOI for 48 h before cells were harvested, and then Annexin V/propidium iodide binding assay was performed by a flow cytometer (Epics XL; Coulter).
Western blot analysis. LoVo cells infected with recombinant adenoviruses at various MOI for 48 h were collected, washed twice in cold PBS, and lysed at 4˚C in lysis buffer using protease and phosphatase inhibitors as described previously (15) . Cell lysates containing 50 µg total protein were resolved in 10% SDS-PAGE, transferred to nitrocellulose polyvinylidene difluoride membranes (Amersham Pharmacia Biotech, Piscataway, NJ, USA), and probed with primary antibodies. Detection and signal visualization were conducted using appropriate secondary antibodies conjugated with horseradish peroxidase (Santa Cruz Biotechnology Inc.) and enhanced chemiluminescence reagents (Pierce, Rockford, IL, USA) according to the manufacturer's instructions.
5-Fluorouracil (5-FU) sensitivity of tumor cells infected
with rAd/CEA-RPL23. LoVo cells were seeded in triplicate in 96-well plates at a density of 5x10 3 cells/well in 100 µl of medium. Twenty-four hours later, the cells were infected with rAd/CEA-RPL23 (or rAd/CEA-lacZ) at an MOI of 50. After another 24 h of incubation, the medium was changed to fresh medium containing 1 µmol/l 5-FU. The cells were then cultured for an additional 24 h before being harvested for apoptotic analysis or caspase-3 activity analysis.
Measurement of caspase-3 activity. Caspase-3 activity was determined according to the user's manual for the ApoAlert™ CPP32/Caspase-3 Assay kit. The supernatant obtained by a centrifugation of lysed cells was added to the reaction mixture containing dithiothreitol and caspase-3 substrate (N-acetyl-Asp-Glu-Val-Asp-p-nitroanilide) and incubated for 1 h at 37˚C. Absorbance of the chromophore p-nitroanilide produced was measured at 405 nm. The standard curves were obtained from the absorbance of p-nitroanilide standard reagent diluted with cell lysis buffer (up to 20 nM). One unit of the enzyme was defined as the activity producing 1 nmol of p-nitroanilide.
In vivo experiments using animal models. Male Balb/c athymic nude mice (6-to 8-weeks of age) (Shanghai Laboratory Animal Center of the Chinese Academy of Sciences) were used for the experiments, as approved by the Institutional Animal Care and Use Committee at the Southwest Hospital. In addition, the experiments were conducted according to guidelines for the Welfare of Animals in Experimental Neoplasia published by The United Kingdom Coordinating Committee on Cancer Research.
A mouse subcutaneous tumor model was established as described previously (17) . LoVo cells (1x10 6 in PBS/100 µl)
were injected subcutaneously into the right flanks of nude mice. Forty days after tumor cell inoculation, the mice were divided randomly into 3 groups (5 mice/group) and were treated every 3 days for a total of 5 times by way of multiple-center intratumor injection of rAd/CEA-RPL23 or rAd/CEA-lacZ at 5x10 )/2. In order to evaluate the therapeutic efficacy of 5-FU combined with rAd/CEA-RPL23 on disseminated colorectal carcinoma, a nude mouse model was established by intraperitoneal inoculation of 2x10 6 LoVo cells (18) . Seven days later, the mice were divided randomly into the following 5 groups (10 mice/group) according to treatment schedules: a, injection of PBS as blank control; b, injection of 5-FU alone; c, injection of rAd/CEA-RPL23 alone; d, injection of rAd/CEA-RPL23 followed by 5-FU; and e, injection of rAd/CEA-lacZ followed by 5-FU. In groups c, d, and e, the adenovirus (2x10 8 pfu/200 µl) was injected into mice via tail vein at days 7, 10, 13, 16 and 19 after the intraperitoneal inoculation of LoVo cells. In all groups, 5-FU (500 mg/kg body weight) or PBS was administered to mice via tail vein injection one day after the adenovirus injection. Survival of the animals was observed daily.
Statistical analysis.
Quantitative results are expressed as the mean ± SE. Statistical analysis was performed by using ANOVA and the LSD t-test. The survival rates were estimated using the Kaplan-Meier method, and the differences were analyzed by using the log-rank test to compare the resulting curves of the treatment groups. P<0.05 was considered as statistically significant. All statistical analyses were performed using SPSS14.0 software (SPSS Inc., Chicago, IL, USA).
Results

Construction of rAd/CEA-RPL23 and the CEA-dependent RPL23 gene expression in human colorectal cancer cells.
Researchers have found that the CEA promoter specifically promotes the exogenous gene expression in CEA-positive tumor cells, for which it has been extensively used in the target gene therapy of tumors (19) (20) (21) . In the present study, we obtained the CEA promoter fragment by PCR (Fig. 1A) , and using it, we constructed a new replication-deficient recombinant adenovirus, termed rAd/CEA-RPL23, containing the RPL23 gene under control of the CEA promoter (Fig. 1B) . Through flow cytometry assay, the efficiency of adenovirus infection was evaluated by counting the percentage of GFP-positive cells after rAd-GFP infection, and as shown in Fig. 1C , among the LoVo, HT29 and HSF cells, there was no significant difference in the infection rate of the recombinant adenovirus serotype 5 (rAd5) when the MOI was set at 10, 50 or 100. Furthermore, by RT-PCR analysis, we determined that upon rAd/CEA-RPL23 infection at the same dose (50 MOI), the RPL23 gene product was expressed specifically in the CEA-positive human colorectal cancer LoVo and HT29 cells (17, 22) , but not in the CEA-negative HSF cells (Fig. 1D) .
Growth inhibitory effect of rAd/CEA-RPL23 on colorectal cancer cells.
To show that the growth inhibitory effect of rAd/CEA-RPL23 is dependent on p53 gene status in colorectal cancer cells, wt-p53 LoVo and mutant-p53 HT29 colorectal carcinoma cell lines were infected with increasing MOI of the recombinant adenovirus. Through MTT assay, a dose-dependent growth inhibitory activity of rAd/CEA-RPL23 infection was revealed in the LoVo but not in the HT29 cells ( Fig. 2A) . As depicted in Fig. 2B , compared with control rAd/CEA-lacZ, rAd/CEA-RPL23 infection at MOI 50 and 100 decreased the growth of viable LoVo cells by 20 and 27%, respectively. In regards to the growth of HT29 cells with mutant p53 and CEA-negative HSF cells, rAd/CEA-RPL23 treatment did not differ from the rAd/CEA-lacZ treatment (Fig. 2A, P>0 .05).
rAd/CEA-RPL23 induces cell cycle arrest in LoVo cells through stabilization of p53 and upregulation of p21.
The above data demonstrated that rAd/CEA-RPL23 infection significantly inhibited the growth of LoVo cells in vitro. To determine whether rAd/CEA-RPL23 induces endogenous p53 accumulation and thus consequent cell cycle arrest in LoVo cells, flow cytometric assay and western blot analysis were performed. As shown in Fig. 3A , 48 h after infection with rAd/CEA-RPL23 at MOI 10, 50 and 100, the fraction of LoVo cells in the G1 phase was increased approximately by 5.4, 34.2 and 52.5%, respectively, associated with a concentration-dependent decrease in the S phase fraction, indicating cell cycle arrest at the G1-S checkpoint. As expected, in LoVo cells infected with rAd/CEA-lacZ, no significant cell cycle arrest was observed (P>0.05). Western blot analysis further revealed that the level of endogenous p53 protein in LoVo cells was increased upon rAd/CEA-RPL23 infection, indicating that adenovirus-mediated RPL23 expression could induce stabilization and accumulation of wt-p53 protein through inhibiting MDM2-p53 interaction (Fig. 3C) . A parallel increase in the expression of cyclin-dependent kinase inhibitor p21, the known transcriptional target of p53 (23), was found in LoVo cells upon rAd/CEA-RPL23 infection (Fig. 3C), suggesting that the accumulation of wt-p53 protein induced by rAd/CEA-RPL23 was functional and capable of mediating downstream signal transduction.
rAd/CEA-RPL23 induces apoptosis in LoVo cells through activation of the p53 apoptotic pathway.
Since we also observed significant cell death in LoVo cells upon rAd/CEA-RPL23 infection, we next assessed the apoptosis using Annexin V-propidium iodide staining and flow cytometry. As shown in Fig. 3B , treatment of LoVo cells with rAd/CEA-RPL23 for 48 h at 50 and 100 MOI resulted in 7.5 and 16.1% apoptotic cell death, respectively (P<0.05), and under similar conditions, rAd/CEA-lacZ did not show the ability to induce apoptosis (P>0.05). By western blot analysis, we further revealed that the expression level of pro-apoptotic protein PUMA, a known transcriptional target of p53 (24) , was increased in the LoVo cells upon rAd/CEA-RPL23 infection (Fig. 3C) , suggested that the accumulation of wt-p53 protein induced by rAd/CEA-RPL23 was also capable of triggering the p53 apoptotic pathway.
Intratumoral injection of rAd/CEA-RPL23 suppresses the growth of established LoVo subcutaneous tumors in nude mice.
To test the potential utility of RPL23 gene therapy in the treatment of human colorectal carcinoma, we tested the efficacy of rAd/CEA-RPL23 in vivo using a mouse subcutaneous tumor model. One week after inoculation of LoVo cells, rAd/CEA-RPL23, rAd/CEA-lacZ or PBS was administered locally by way of multiple-center intratumor injection. As shown in Fig. 4 , the LoVo tumor growth was significantly suppressed in the mice given treatment of rAd/CEA-RPL23 as compared to that in the control groups (P<0.05). The size of the tumors between the rAd/CEA-RPL23 group and the rAd/CEA-lacZ or PBS group was significant different from day 20 through the experiment period (P<0.05). The difference between the rAd/CEA-lacZ and PBS group was not statistically significant (P>0.05).
Stabilization of wt-p53 protein upon rAd/CEA-RPL23 infection enhances 5-FU-induced apoptosis in LoVo cells.
Research has shown that loss of p53 gene function in colorectal carcinoma cells abolishes the apoptotic response to 5-FU (25) . In the present study, combined treatment of LoVo cells with a relatively low dose of rAd/CEA-RPL23 and 5-FU was performed to evaluate whether stabilization of wt-p53 protein upon rAd/CEA-RPL23 infection could enhance 5-FU-induced apoptosis. Although single agent 5-FU at 1 µmol/l was able to induce apoptosis in LoVo cells, the apoptosis induced by treatment in combination with rAd/CEA-RPL23 at MOI 50 was significantly greater than that following treatment of 5-FU alone. As shown in Fig. 5A , the apoptotic rate in the 5-FU alone group and rAd/CEA-RPL23 alone group was 6.0 and 7.5%, respectively, while, the apoptotic rate in the combined treatment group was 25.3%, which was more than the additive effect of each treatment separately (25.3% vs. 6.0+7.5%). These results were confirmed by caspase-3 activity assay. Caspase-3 is a central executioner of apoptosis (26) . In the present study, it was found that the caspase-3 activity of LoVo cells treated with the combination of 50 MOI rAd/CEA-RPL23 and 1 µmol/l 5-FU was increased significantly to 5.78-fold when compared with the control, whereas the activity following treatment with single 5-FU or rAd/CEA-RPL23 was only increased slightly to 1.64-and 1.91-fold of the control, respectively (Fig. 5B) . Western blot analysis gave similar result, which showed that upon combination treatment with 5-FU and rAd/CEA-RPL23, the expression level of cleaved caspase-3 was markedly increased as compared to the levels following treatment of 5-FU or rAd/CEA-RPL23 alone (Fig. 5C ).
rAd/CEA-RPL23 improves the therapeutic efficacy of 5-FU in a murine model with disseminated LoVo tumors.
To evaluate the therapeutic efficacy of 5-FU combined with rAd/CEA-RPL23 in vivo, a murine model with intraperitoneally disseminated LoVo tumors that closely resemble human advanced colorectal carcinoma was designed. Fig. 6 shows the survival rates of animals after the inoculation of LoVo cells. The median survival time of the mice treated with 5-FU combined with rAd/CEA-RPL23 (39±3.3 days) was longer than that of the mice treated with 5-FU alone (25±3.8 days) or 5-FU combined with rAd/CEA-lacZ (23±3.0 days). Log-rank test revealed that the survival was significantly longer for mice in the 5-FU+rAd/CEA-RPL23 group as compared with that in the 5-FU group or 5-FU+rAd/CEA-lacZ group (P<0.05). Additionally, treatment of rAd/CEA-RPL23 alone also showed a detectable therapeutic effect on the survival of mice as compared with the blank control (19±1.3 days vs. 15±2.0 days), although the difference was not statistically significant (P>0.05).
Discussion
Since overexpression or hyperactivation of MDM2 contributes to functional inactivation of wt-p53 in nearly 50% of tumors (27) , and since MDM2 is capable of attenuating the effectiveness of chemotherapies that induce p53 (28), antagonizing MDM2 is being considered an attractive strategy for the treatment of tumors (5, 7) . Different approaches have been exploited in this strategy including inhibition of MDM2 expression, MDM2 ubiquitin ligase activity and MDM2-p53 binding (7) . Recently, a small-molecule compound termed Nutlin-3a, which specifically inhibited the MDM2-p53 interaction and thus led to stabilization of p53 and activation of the p53 pathway, was discovered and has been reported to display a potent growth-inhibitory effect on a variety of tumor cells that contain wt-p53 (7, 29) . The p14 ARF protein, encoded by the INK4a/ARF locus, was found to bind to MDM2 directly and inhibit the ubiquitin E3 ligase function of MDM2. It has been reported that the p14 ARF gene transfer mediated by adenovirus vector inhibited the growth and enhanced the response of chemotherapies in a variety of wt-p53 tumor cells (30) (31) (32) . RPL23 is another cellular protein with the capacity of binding to MDM2 and inhibiting the ubiquitin E3 ligase function of MDM2 (9,10), and Jin et al reported that the ability of RPL23 to inhibit MDM2's E3 ligase function was comparable to that of p14 ARF (9) , suggesting a rationale for using RPL23 as a new target for tumor gene therapy.
The therapeutic utility of reactivating p53 depends on two critical factors: defective p53 signaling in tumor cells with wt-p53 may attenuate or disable the therapeutic response; and possible growth suppressive and/or apoptotic activity of p53 in normal tissues may narrow or eliminate the therapeutic window (7) . Human colorectal carcinoma LoVo cells have been confirmed to express functional p53 protein (11) (12) (13) . Therefore, in the present study, LoVo cells were used as a model system to evaluate the therapeutic efficacy of RPL23 gene transfer on human tumors with wt-p53. The other key factor regarding the therapeutic utility of pharmacological p53 activation is p53 toxicity to normal tissues. Since embryonic genes such as CEA are usually transcriptionally silent in adult normal tissues but overexpressed in malignant tumor, the use of an embryonic gene promoter to regulate expression of a target gene for the purpose of reducing the toxicity of gene transfer into normal tissues is popular (19) (20) (21) . In the present study, we constructed a recombinant adenoviral vector expressing the RPL23 gene driven by the CEA promoter (rAd/CEA-RPL23). In theory, rAd/CEA-RPL23 can deliver the RPL23 gene specifically to colorectal cancer cells but not to normal tissue cells, by which, rAd/CEA-RPL23 infection is expected to be slightly toxic to normal tissues.
Through flow cytometry and western blot analysis, we validated that the exogenous RPL23 protein expression by adenoviral vector under control of the CEA promoter was restricted to CEA-positive LoVo and HT29 human colorectal carcinoma cells but not CEA-negative HSF cells. Furthermore, we determined that the exogenous RPL23 protein could stabilize endogenous p53 protein and thus induce cell cycle arrest and apoptosis in wt-p53 LoVo cells. An in vivo study showed that the growth of subcutaneous tumors derived from LoVo cells was significantly inhibited by direct intratumor injection of rAd/CEA-RPL23. Our study also discovered that rAd/ CEA-RPL23 infection had no obvious effect on the growth of p53-mutant HT29 human colorectal cancer cells, which suggested that the growth inhibiting effect of exogenous RPL23 expression was mainly via p53-dependent mechanisms.
5-FU is a widely used chemotherapeutic drug for the treatment of human colorectal carcinoma. The antitumor activity of 5-FU has been attributed in part to its ability to induce p53-dependent cell growth arrest and apoptosis (33, 34) . Since hyperactivation of MDM2 has been proved to be capable of attenuating 5-FU-induced toxicity by inhibiting p53 activation (35), we reasoned that a combination treatment of 5-FU and RPL23 gene transfer may improve the prognosis of patients with colorectal carcinoma after surgery. The results of our in vitro experiment showed that rAd/CEA-RPL23 pretreatment in LoVo cells enhanced 5-FU-induced apoptosis, and assay of the in vivo therapeutic efficacy revealed that the combination treatment increased the overall survival of mice with disseminated LoVo tumors. These results indicate that RPL23 gene transfer may be used as part of a combined therapy for the treatment of human tumors. Notably, the combination treatment also showed a detectable enhancement on the survival of mice with disseminated HT29 tumors (data not shown), indicating that RPL23 gene transfer may influence the sensitivity of tumor cells to antitumor drugs via a p53-independent manner. As it has been determined that ectopically expressed RPL23 is capable of retaining MDM2 both in the cytoplasm and the nucleus (10), we hypothesized that the exogenous RPL23 expression may improve 5-FU efficacy in tumors with mutant p53 via its function of blocking MDM2 nuclear translocation. For example, MDM2 is essential to the activation of NF-κB in some tumor cells (36, 37) , and therefore, the blocking of MDM2 nuclear translocation by ectopically expressed RPL23 may lead to a reduction in NF-κB activation, which has been proved to directly contribute to chemotherapy resistance and metastasis in human tumors (38) . Therefore, suppression of the NF-κB pathway may be another mechanism by which RPL23 gene transfer exhibits a synergistic effect with antitumor drugs such as 5-FU, regardless of the p53 status.
In conclusion, the present study demonstrated that exogenous RPL23 expression driven by the CEA promoter may be of therapeutic value against human colorectal carcinoma that retains wt-p53.
